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Abstract: Oxidation of 3,4-ethylenedithio-3'-iodo-tetrathiafulvalene (EDT-TTF-I) and  
3,4-ethylenedithio-3',4'-diiodo-tetrathiafulvalene (EDT-TTF-I2) with DDQ afforded two 
different salts formulated as (EDT-TTF-I)(DDQ) and (EDT-TTF-I2)2(DDQ)·(CH3CN), 
both characterized with a full charge transfer to the DDQ acceptor moiety and by short and 
linear halogen bonding interactions between the iodine atom as halogen bond donor, and 
the carbonyl oxygen or the nitrile nitrogen atoms of reduced DDQ.  
Keywords: charge-transfer salts; halogen bonding; tetrathiafulvalene; crystal structure; 
iodine; magnetism 
 
1. Introduction 
In the search for novel molecular materials based on radical donor and acceptor molecules, many 
efforts have been devoted to the introduction of additional non-bonding interactions such as hydrogen 
bonding to orient and control the solid state association of radical molecules [1], in the hope to favor 
novel supramolecular arrangements. These efforts were mainly concentrated on cation radical salts of 
tetrathiafulvalene derivatives, obtained by electrocrystallization with various anions acting as hydrogen 
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bond or halogen bond acceptors. Charge–transfers salts such as the prototypical TTF-TCNQ or  
TTF-CA (CA: chloranil) are also amenable to such supramolecular strategies. Most examples rely on 
TTF derivatives functionalized with hydrogen bond donor groups (íCH2OH, íCONHR), and chemically 
oxidized with TCNQ [2] or TCNQF4 [3,4]. Halogen bonding interactions were also explored in  
charge-transfer salts, particularly by Iyoda [5] and Bryce [6], as in (EDT-TTFCl2)2(TCNQF4) [7]. Note 
that, due to their strong electronegativity, the functionalization of the TTF core with electron-withdrawing 
halogen atoms rises the oxidation potential of the TTF molecules, making often impossible their 
oxidation with TCNQ itself whose reduction potential amounts to 0.17 V (vs. SCE). Thus stronger 
oxidants such as the tetrafluoro TCNQ (TCNQF4; Ered = 0.53 V vs. SCE) had to be considered [3,4,7]. 
In all these examples, the TCNQ derivatives act as halogen bond acceptors only through their  
nitrile functionality. 
Scheme 1. Acceptor and donor molecules, for charge transfer salts as well as for halogen 
bonding interactions. 
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In this paper, we want to describe our recent results involving DDQ (2,3-dichloro-5,6-
dicyanobenzoquinone, Ered = 0.53 V vs. SCE) as a powerful oxidant toward iodinated TTFs, toward the 
formation of novel charge-transfer salts with original halogen bonding patterns. Note that only one 
example of halogenated TTF with DDQ has been mentioned, but without crystal structure or 
composition [8]. Furthermore, DDQ is not only a strong oxidant comparable to TCNQF4 but offers 
potentially three different halogen bonding acceptor sites, the carbonyl oxygen atoms, the nitrile 
nitrogen atoms and the chlorine atoms. We describe here the salts obtained upon oxidation of two 
iodinated TTF, namely 3,4-ethylenedithio-3'-iodo-tetrathiafulvalene (1) and 3,4-ethylenedithio-3',4'-
diiodo-tetrathiafulvalene (2) with DDQ. As originally reported by Imakubo and Kato [9], these  
two donor molecules have been already engaged in a variety of cation radical salts upon 
electrocrystallization with anions acting as halogen bond acceptors such as halides [9,10],  
polyhalides [11], halometallates [12,13], cyanometallates [9,14,15] or thiocyanatometallates [16,17], 
but not in charge transfer salts, comparable to the reported example of EDT-TTFCl2 with  
TCNQF4 mentioned above [7].   
2. Results and Discussion 
Diffusion of a CH3CN solution of DDQ on top of a CH2Cl2 solution of either 1 or 2 afforded after 
several days dark parallelepipedic crystals. X-ray crystal structure analyses give the formulations 
(1)DDQ and (2)2(DDQ)·(CH3CN) respectively, that is with 1:1 and 2:1 stoichiometry with 1 and 2 
respectively. This different behavior might be related to the relative redox potential of 1 and 2, when 
compared with the reduction potential of DDQ. Indeed, the first oxidation potential of the two donor 
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molecules amounts to 0.46 and 0.57 V vs. SCE (in CH3CN with Bu4NPF6 0.1 M as electrolyte at 1 V s
í1 
scan rate) for 1 and 2 respectively, a difference which illustrates the electron withdrawing nature of the 
iodine atom on the TTF core. With the first reduction potential of DDQ found at 0.53 V in the same 
conditions, it clearly appears that DDQ is an oxidant strong enough to favour a full charge transfer 
with 1 while a contrasted situation can be anticipated with 2. A similar borderline situation has been 
already reported when 1 and 2 are oxidized in the presence of [Ni(mnt)2]
1í [18], affording a fully 
oxidized 1+· molecule in [1+·]2[Ni(mnt)2
2í], but a mixed valence salt with 2 in [2]2+[Ni(mnt)2]1í.  
2.1. Structural and Magnetic Properties of (1)(DDQ)  
(1)(DDQ) crystallizes in the triclinic system, space group 1P  with both donor 1 and DDQ in 
general position in the unit cell (Figure 1). Intramolecular bond lengths within the TTF core in 1 and 
the DDQ molecule are highly sensitive to their oxidation state. As shown in Tables 1,2, by comparison 
with reference compounds, a full charge transfer between 1 and DDQ has occurred, leading 
unambiguously to a (1+·)(DDQí·) formulation. In the solid state, the 1+· cations are associated into  
face-to-face homo-dyads, which interact laterally along a-axis. A projection view of these dyads 
(Figure 2a) shows a typical bond-over-ring overlap, with a short plane-to-plane distance of 3.27 Å and 
a calculated ȕHOMOíHOMO interaction energy of 0.71 eV. On the other hand, the DDQí· radical anions 
are stacked to form alternated chains running along a-axis with two different overlap modes shown in 
Figure 2b,c. Plane-to-plane distances amount to 2.79 and 3.42 Å respectively, demonstrating the strong 
dimerization of the DDQ chains. It is further confirmed by the calculated ȕLUMOíLUMO interaction 
energies for the two overlap modes, which amount to 0.65 and 0.04 eV respectively. It should be 
stressed here that these strong overlap between respectively 1+· and DDQí· species let us infer that the 
radical species are strongly associated into the bonding combination of respectively the TTF’s HOMO 
and the DDQ LUMO. This is confirmed by the temperature dependence of the magnetic susceptibility 
of the salt, which exhibits an essentially diamagnetic behavior, with a Curie tail associated to 2.5% 
magnetic defaults.  
Figure 1. Projection view (along a) of the unit cell of (1)(DDQ). 
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Table 1. Intramolecular bond lengths (in Å) in the TTF core of 1 (averaged values). The 
formal charge of each molecule is given as ȡ, Ci and Co are the inner and outer C atoms in 
the TTF core.  
Compound ȡ Ci=Ci  CiíS CoíS  CoíCo  Ref 
Neutral 1  mol A 
  mol B 
0 1.332 (13) 
1.323 (14) 
1.763 (18) 
1.760 (17) 
1.759 (19) 
1.747 (16) 
1.331 (14) 
1.331 (13) 
[18] 
(1)2[Ag(CN)2] +0.5 1.373 1.739 1.746 1.347 [9] 
(1)2[Ni(mnt)2] +1 1.382 (19) 1.723 (25) 1.731 (3) 1.348 (19) [18] 
(1)(DDQ) 1 1.390 (7) 1.721 (6) 1.736 (6) 1.350 (8) this work 
Table 2. Characteristic intramolecular bond lengths (in Å) in DDQ in various salts 
(averaged values). The formal charge and wave number of nitrile stretching absorption in 
IR spectra, for each molecule, are given as ȡ and vCN respectively. 
Compound ȡ C=O  COíCCl  COíCCN CCl=CCl  CCN=CCN QCN (cmí1) Ref 
DDQ 0 1.202 1.483 1.501 1.340 1.343 2234 [19] 
(1)(DDQ) –1 1.239 (5) 1.475 (7) 1.453 (8) 1.360 (6) 1.384 (6) 2202 – 
(2)2(DDQ) –1 1.265 (10) 1.479 (15) 1.422 (17) 1.379 (12) 1.402 (12) 2212 – 
(Et4N)DDQ –1 1.246 1.463 1.444 1.363 1.385 2217 [20] 
Figure 2. Overlap interactions (a): within (1+·)2 dyads, (b) and (c) within the chains of 
(DDQí·) running along a. 
 
As shown in Figure 3, halogen bonding interaction is observed between the iodine atom of 1 and the 
nitrogen atom of one cyano group of DDQ, together with a short CíH···Cl interaction. The I···N 
distance is much shorter than the sum of van der Waals radii (1.98 + 1.55 = 3.53 Å) or the contact 
distance predicted from anisotropic models [21] (rmin(I) + rmax(N) = 1.76 + 1.60 = 3.36 Å). The  
C–I···N angle of 175.6(2)° shows the strong halogen bond linearity but the I···N{C angle at 131.6(4)° 
demonstrates that the interaction here is not optimal as the iodine atom does not point perfectly toward 
the nitrile lone pair. Much shorter and linear interactions were found for example in (1)[Ag(CN)2] with 
I···N distance at 2.88 Å and C–I···N and I···C{N angles at 177° and 153° respectively [9]. 
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Figure 3. Detail of the halogen bonding interactions in (1)(DDQ). 
 
2.2. Structural Properties of (2)2(DDQ)·(CH3CN) 
The mixed-valence salt with 2 is formulated as (2)2(DDQ)·(CH3CN). It crystallizes in the triclinic 
system, space group 1P  with two crystallographically independent TTF molecules 2, one DDQ in 
general position and one acetonitrile solvent molecule. A projection of the unit cell along a-axis 
(Figure 4), shows that the donor molecules form layers, separated from each other by the acetonitrile 
and DDQ molecules. As shown in Table 2, the DDQ molecule appears as fully reduced radical anion 
form. Bond lengths within the TTF core (Table 3) in 2 are also comparable to those described in other 
mixed-valence (ȡ = 0.5) salts of 2 [11í17]. Note that between the two crystallographically independent 
donor molecules 2, the one bearing I3/I4 iodine atoms appears slightly more oxidized than molecule 
bearing I1/I2 iodine atoms. As shown in Figure 5, halogen bonding interactions develop at the 
interface between the mixed-valence slabs and the DDQ/CH3CN layer. Both crystallographically 
independent molecules 2 show short contacts with DDQí· anion. Very short and linear interactions are 
found with I(3) and I(4) atoms, with the carbonyl oxygen atoms, the nitrile nitrogen atoms of both the 
DDQ and the CH3CN molecules. This donor molecule is also the one which appeared as the most 
oxidized one from comparison of intramolecular bond lengths (Table 4). Comparison of the two 
structures demonstrates that the reduced DDQ acts as a powerful halogen bond acceptor, involving the 
oxygen and nitrogen atoms. Earlier theoretical calculations of the charge and spin density in DDQí· 
have shown a negative charge on the N, O and Cl atoms in the order í0.24, í0.20 and í0.18 [22], 
demonstrating a halogen bonding preference for the most negatively charged atoms. This behavior is in 
accordance with recent ab initio calculations showing that the electrostatic interaction between the 
positive ı-hole [23] located on the halogen atom along the CíHal bond and Lewis bases such as 
pyridine is indeed the main component of the halogen bonding interaction [24]. 
Figure 4. Projection view (along a-axis) of the unit cell of (2)2(DDQ)·(CH3CN). 
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Table 3. Intramolecular bond lengths (in Å) in the TTF core of 2 (averaged values), 
depending on the actual charge (ȡ). Ci and Co are the inner and outer C atoms in the  
TTF core.  
Compound ȡ Ci=Ci CiíS CoíS CoíCo Ref 
(2)2(I3) +0.5 1.365 (29) 1.740 (20) 1.749 (20) 1.348 (16) [11] 
(2)2(DDQ) mol (I1,I2) 
  mol (I3,I4) 
|0.5 |0.5 1.354 (9) 1.365 (9) 1.757 (8) 1.736 (8) 1.762 (8) 1.745 (8) 1.336 (9) 1.348 (9) this work 
(2)(I3) +1 1.40 (2) 1.718 (9) – – [18] 
Figure 5. Details of the halogen bonding interactions in (2)2(DDQ)·(CH3CN). 
 
Table 4. Structural characteristics of the halogen bonding interactions in 
(2)2(DDQ)·(CH3CN). For atom numbering see Figure 5.  
Interaction vdw (Å) Danis (Å) I···(O,N) (Å) CíI···(O,N) (°) I···(O,N)íC (°)
I1···N2 3.53 3.36 3.163 (12) 178.2 (3) 147.8 (9) 
I3···N3 3.53 3.36 2.895 (12) 171.0 (3) 139.2 (9) 
I4···O1 3.50 3.30 2.761 (8) 178.2 (2) 138.7 (5) 
vdw: sum of the van der Waals radii; Danis: contact distance in the anisotropic model [21]. 
The mixed valence character of (2)2(DDQ)·(CH3CN) might favor a good conductivity for this  
¾-filled salt. A side view of the conducting slab with calculated ȕHOMOíHOMO interaction energies is 
shown in Figure 6 (left), together with the calculated band structure (Figure 6, right). Based on the 
stoichiometry, the three lower bands are filled while the upper one is empty, with an indirect band gap 
of 40 meV. Temperature dependence of the resistivity (Figure 7) shows indeed a semiconducting 
behavior with a room temperature conductivity, ıRT = 0.043 S cmí1 and an activation energy  
of 1220 K. 
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Figure 6. Left: Side view of the slab of partially oxidized 2 molecules in 
(2)2(DDQ)·(CH3CN) together with calculated ȕHOMOíHOMO interaction energies,  
ȕa1 = í0.4742, ȕa2 = 0.1325, ȕb1 = 0.0648, ȕb2 = 0.1341, ȕab1 = í0.2596, ȕab2 = í0.0482,  
ȕab3 = 0.1286, ȕab4 = 0.0797 eV. Right: Calculated band structure; Ƚ = (0, 0), X = (a*/2, 0), 
Y = (0, b*/2), M = (a*/2, b*/2).  
 
Figure 7. Temperature dependence of the resistivity of the mixed-valence salt (2)2(DDQ)·(CH3CN). 
 
3. Experimental Section  
3.1. Syntheses 
The TTF derivatives 1 and 2 were prepared as previously described [11]. The charge-transfer salt 
with 1 was obtained by diffusion techniques in small glass tubes (Pasteur pipettes), with 1 (2.1 mg,  
6.1 × 10í6 mol) dissolved in CH2Cl2 (2.5 mL) and layered with a solution of DDQ (3.3 mg,  
14.5 × 10í6 mol) in CH3CN (0.5 mL). Crystals were harvested after two weeks and washed with little 
CH3CN. The charge-transfer salt with 2 was obtained by diffusion techniques in small glass tubes, with 
2 (12.1 mg, 2.21 × 10í5 mol) dissolved in 1,1,2-trichloroethane (8 mL) and layered with a solution of 
DDQ (5.3 mg, 2.33 × 10í5 mol) in CH3CN (2 mL). Crystals were harvested after two weeks and 
washed with little CH3CN. 
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(1)(DDQ): IR (ATR) vCN: 2202 cm
í1. Elem. Anal. Calcd. for C16H5Cl2IN2O2S6: C, 29.68; H, 0.78; 
N, 4.33%. Found: C, 29.43; H, 1.06; N, 4.25. 
(2)2(DDQ)·(CH3CN): IR (ATR) vCN: 2212 cm
í1. Only a few crystals of this phase were obtained, 
together with a 1:1 salt of poor crystallographic quality. Unit cell parameters of this 1:1 phase:  
a = 11.8443, b = 12.8752, c = 28.7860 Å, Į = ȕ = Ȗ = 90.000, V = 4389.80(53) Å3, system: 
orthorhombic, space group: Pnma. This mixing does not allow for elemental analysis of one  
single phase.  
3.2. Crystallography 
Single crystals were taken in a loop in oil and put directly under the N2 stream at 150 K to avoid 
solvent losses. Data were collected on a Bruker SMART II diffractometer with graphite-monochromated 
Mo-KĮ radiation (Ȝ = 0.71073 Å). Structures were solved by direct methods (SHELXS-97, SIR97) [25] 
and refined (SHELXL-97) by full-matrix least-squares methods [26], as implemented in the WinGX 
software package [27]. Absorption corrections were applied. Hydrogen atoms were introduced at 
calculated positions (riding model), included in structure factor calculations, and not refined, with 
thermal parameters fixed as 1.2 times Ueq of the attached carbon atom. Further details of the crystal 
structures may be obtained from the Cambridge Crystallography Data Center, CCDC 871175 & 
871176, free of charge, on application from CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk). 
(1)(DDQ): C16H5Cl2IN2O2S6, M = 647.38, triclinic, 1P , a = 7.0227(2), b = 12.6760(3),  
c = 13.1732(3) Å, Į = 62.169(1), ȕ = 76.282(1), Ȗ = 78.615(1)°, V = 1002.31(4) Å3, Z = 2,  
Dc = 2.145 g cmí3, T = 150(2) K, 14723 reflections collected, 4566 unique (Rint = 0.0303) with among 
them 3871 with I > 2ı(I), R[I > 2ı(I)] = 0.0341, wR2 (F2, all data) = 0.0967, GoF = 1.083. 
(2)2(DDQ)·(CH3CN): C26H11Cl2I4N3O2S12, M = 1360.60, triclinic, 1P , a = 7.4173(9), b = 12.9354(15), 
c = 21.258(3) Å, ı = 79.600(4), ȕ = 85.564(4), Ȗ = 75.854(4)°, V = 1944.1(4) Å3, Z = 2,  
Dc = 2.324 g cmí3, T = 150(2) K, 23021 reflections collected, 8631 unique (Rint = 0.0373) with among 
them 6389 with I > 2ı(I), R[I > 2ı(I)] = 0.0426, wR2 (F2, all data) = 0.1444, GoF = 1.051. 
3.3. Band Structure Calculations 
The ȕLUMOíLUMO and ȕHOMOíHOMO interaction energies, the tight-binding band structure were 
calculated with the effective one-electron Hamiltonian of the extended Hückel method [28], as 
implemented in the Caesar 1.0 chain of programs [29]. The off-diagonal matrix elements of the 
Hamiltonian were calculated according to the modified WolfsbergíHelmholz formula [30]. All 
valence electrons were explicitly taken into account in the calculations and the basis set consisted  
of double-ȗ Slater-type orbitals for all atoms except H (ȗSlater-type orbital) using the 
RoothaaníHartreeíFock wave functions of Clementi and Roetti [31]. 
4. Conclusions  
We have reported here the structural and electronic properties of novel charge-transfer salts of 
halogenated TTF 1 or 2 with DDQ, an acceptor molecule which provides three different possible 
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halogen acceptor sites, the carbonyl oxygen atoms, the nitrile nitrogen atoms and the chlorine atoms. 
While a 1:1 salt with full charge transfer has been isolated with the most easily oxidized monoiodo 
TTF 1, a mixed-valence, conducting salt is obtained with the diiodo derivative 2, which combines 
short and directional halogen bonding contacts with both oxygen and nitrogen atoms of DDQ, and a 
semi conducting behavior attributable to an indirect band gap, as deduced from band structure 
calculations. It is hoped that other oxidants than DDQ, with a lower reduction potential, might also 
favor the formation of conducting mixed-valence salts or eventually neutral complexes with possible 
neutral-ionic transition. This work is in progress and will be reported in due course.   
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